Introduction {#sec1-1}
============

Neural electrical stimulation has been used over the last few decades as an alternative treatment to help patients suffering from neurological disorders such as stroke, paralysis, blindness, deafness, Parkinson\'s disease, and epilepsy (Sloviter et al., 1987; Makeig et al., 2002; Rauschecker et al., 2002; Hochberg et al., 2006; Chan CKL et al., 2008; Denheyer et al., 2009). Neural prostheses and modulators are used to recover or replace damaged neurological functions by stimulating target neurons (Talwar et al., 2002; Jackson et al., 2006). The implantable neural electrodes are a crucial component and play a key role in recording and stimulating the nerve tissue (Cogan et al., 2008). However, one major obstacle for the long-term use of neural electrodes is their unstable performance caused by tissue responses after clinical implantation (Zhong et al., 2001; Polikov et al., 2005). These tissue reactions not only lead to a large increase in the impedance between the electrode materials and neural tissue, but also decrease the number of neurons surrounding the electrodes. Over time, the effect of the electrical stimulation is weakened and can even disappear (Biran et al., 2005; He et al., 2007). Because certain biomaterials with excellent biocompatibility show decreased tissue responses, there is an urgent need to improve the biocompatibility of implantable electrode materials.

Polydimethylsiloxane (PDMS) has been used extensively as an insulation material for implantable neural electrodes because of its good biocompatibility (Erlich et al., 2003; Stieglitz et al., 2010). However, PDMS induces strong protein adsorption because it is hydrophobic (Anderson et al., 1995), which results in both acute and chronic tissue responses after implantation, leading to a noticeable increase in the electrode-tissue interface impedance caused by tissue encapsulation (Anderson et al., 2008). While several bioactive coating materials have previously been investigated to determine whether they improve neural cell ingrowth and reduce the interactions between the electrode and neural tissue (Zhong et al., 2001; He et al., 2007), most of the research was focused on improving the silicon substrate-tissue interface and few studies reported improvements in the PDMS substrate-tissue interface.

Hydrogels, on the other hand, have been extensively used in the biomedical and pharmaceutical fields because of their low interfacial tension and large capacity for water uptake in the biological environment (Hamidi et al., 2008). For these reasons, considerable effort has been devoted to improving the hydrophobicity of PDMS by coating with hydrophilic hydrogels. Han et al. (2011) demonstrated that composite coatings mated with hydrogel-electrospun fibers promote the integration of neuron-prostheses and the formation of a stable long-term interface. Winter et al (2007) reported that coating neural electrodes with a neurotrophin-eluting hydrogel improved neurite extension on the electrode surface and decreased the threshold for electrical stimulation.

In our previous work, we synthesized poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) and polyethylene glycol-containing polyurethane hydrogels as coatings for PDMS-based neural electrodes. The results demonstrated the ability of those hydrogel coatings to improve the electrode-tissue interface *in vitro* and *in vivo* (Lu et al., 2009; Rao et al., 2012). Another of our previous studies demonstrated that hydrophilicity is an important material property when modifying neural electrodes (Zhou et al., 2012). PVA is a type of poly hydroxyl polymer that is broadly used as a bioactive material in tissue engineering. It has appropriate physicochemical properties for use as a coating such as hydrophilicity and ease of film-formation, as well as good biocompatibility. To develop a better coating material for neural electrodes based on the biocompatible polyurethane (PU) hydrogel coating of PDMS substrates, we introduced PVA and synthesized PU/PVA hydrogel as a coating for PDMS.

The aim of this study was to synthesize PU/PVA hydrogel and determine its effect on the cytocompatibility of PDMS. The adsorption of nonspecific proteins and cytocompatibility to pheochromocytoma (PC12) cells, including cell attachment and differentiation, on PDMS and PU/PVA-coated PDMS were compared. The PU hydrogel coatings were also assessed as a comparison.

Materials and Methods {#sec1-2}
=====================

Preparation of PU/PVA {#sec2-1}
---------------------

Before use, polyethylene glycol (CP, molecular weight = 1,000) (Sinopharm, Shanghai, China) was dried at 80°C for 1 day, and the N,N-dimethylformamide (Sinopharm) was dehydrated. As shown in [**Figure 1**](#F1){ref-type="fig"}, the synthesis of PU/PVA included two steps: first, the prepolymers of PU were synthesized. Next, the PU prepolymers were mixed into a PVA (CP, molecular weight = 80,000, Bodi Chemical, Tianjin, China) solution, and then a cross-linking reaction was initiated. The PU prepolymers were synthesized as previously described (Rao et al., 2012). In brief, the N,N-dimethylformamide, polyethylene glycol, and isophorone diisocyanate (Sigma, St. Louis, MO, USA) were mixed in a three-necked flask, and dibutyltin dilaurate (Sinopharm) was added as a catalyst. Prior to initiating the reaction, the oxygen in the mixture was replaced with argon. Then, the solution was slowly heated to 70°C and placed in an argon atmosphere to react for 12 hours. For the cross-linking reaction, the PVA was dehydrated in a vacuum-drying oven for 8 hours, and then dissolved in dimethyl sulfoxide (AR, Sinopharm) at 100°C for 30 minutes. After the PVA solution in the three-necked flask was cooled to room temperature, a certain amount of N,N-dimethylformamide was added, and then the fixed solution was cooled to 0°C. Next, the PU prepolymers were slowly added into the mixture with intense stirring and purging with argon. Finally, the reaction conditions were maintained for 2 days. In the above mixture, the volume ratio of dimethyl sulfoxide and N,N-dimethylformamide was 1:1, and the molar ratio of PVA and PU prepolymers was kept at n(--NCO): m(--OH) of 1:12.5. In this study, the PU as the comparison was synthesized using a chain-extending reaction based on the methods from a previous study (Rao et al., 2012).

![Schematic diagram of the polyurethane/poly(vinyl alcohol) (PU/PVA) synthesis.\
(a) Polyurethane (PU) prepolymers were formed using the polymerization reaction between polyethylene glycol and isophorone diisocyanate. (b) PU/PVA formation by cross-linking reactions between PU prepolymers and poly(vinyl alcohol) (PVA).](NRR-10-2048-g001){#F1}

Fabrication of samples {#sec2-2}
----------------------

Platinum silicone elastomer (medical-grade, MDX4-4210, Factor II, Dow Corning Corporation, Midland, MI, USA) and its cross-linking catalyst were degassed under a vacuum after being completely mixed. The mixture was placed in a stainless steel mold and heated to 80°C for 2 hours to create PDMS films. After cooling them to room temperature, the PDMS films were removed from the mold and cut into small round pieces approximately 0.2 mm thick and 14 mm in diameter.

The PDMS films were ultrasonically cleaned with deionized water and acetone and dried under a vacuum at 40°C for 12 hours. The films were water plasma treated with a CTP-2000k plasma generator (Corona Lab, China) for 2 minutes at 60 W. Next, a 50-µL drop of 1 wt. % polymer solution (PU/PVA or PU) was placed onto the plasma-treated films and spread equally over the entire surface to create the PU/PVA- and PU-coated PDMS films. The coated PDMS films were dried at 80°C for 12 hours under a vacuum. Finally, all of the samples, including the PU/PVA- and PU-coated PDMS films and the control PDMS films, were washed three times with sterile water and placed in 24-well tissue culture plates (TCPs) after drying at 40°C for 12 hours. All of the prepared samples were sterilized with ethylene oxide before use.

Characterization {#sec2-3}
----------------

### Fourier transform-infrared spectroscopy (FT-IR) measurements {#sec3-1}

PVA, PU/PVA, and PU solutions were coated on potassium bromide plates and dried with an infrared lamp. The FT-IR spectra of these materials were measured with an FT-IR spectrometer (Thermo Nicolet Avatar 360) over the range of 4,000--400 cm^−1^.

### Protein adsorption {#sec3-2}

As previously described (Chen et al., 2004, 2005a, b), fibrinogen (Calbiochem, San Diego, CA, USA) was labeled with ^125^I (ICN Pharmaceuticals, Irvine, CA, USA) using the iodogen method to determine the amount of nonspecific protein adsorption. For the assessment of fibrinogen adsorption, labeled and unlabeled fibrinogens were mixed at a ratio of 1:19 and the total fibrinogen concentration of the solution was 1 mg/mL. Before the adsorption experiments, the surfaces of the samples were equilibrated in Tris-buffered saline overnight. Samples (PU/PVA-coated PDMS, PU-coated PDMS, and PDMS) were incubated in the ^125^I-labeled protein solution at room temperature for 3 hours, and then rinsed three times with Tris-buffered saline for 10 minutes each, blotted with filter paper, and moved to stock tubes. The tubes were placed in a gamma counter (1480 Perkin Elmer) for radioactivity testing. Each sample group was assayed in triplicate. The amount of radioactivity was converted to calculate the amount of adsorbed protein.

Cell culture {#sec2-4}
------------

### Cell attachment {#sec3-3}

PC12 cells (China Center for Type Culture Collection, Wuhan, China) are widely used as a neural cell model for determining neuronal viability and neurite extension. Here, cell culture was performed for the PU/PVA-coated PDMS, PU-coated PDMS, and PDMS groups, with a TCP group as a control. The different samples were affixed to the bottom of 24-well tissue culture plates and coated with 0.1 mg/mL poly L-lysine (Sigma) at 37°C for 6 hours to promote PC12 cell attachment. The PC12 cells were cultured in RPMI 1640 culture medium containing 5% fetal bovine serum, 2 mM L-glutamine, 10% horse serum, 100 µg/mL streptomycin, and 100 units/mL of penicillin. The cultures were maintained in a 95% humidified incubator with 5% CO~2~ at 37°C. The PC12 cells were plated at a density of 2 × 10^4^ cells per well in the 24-well plates. DAPI staining was performed as previously described (Webb et al., 2001; Lopez et al., 2006). Digital images of the stained cells were taken on a Ti/S inverted fluorescence microscope equipped with a DS-5MC-U2 digital camera (Nikon, Japan). At least five randomly selected fields of each well were imaged at 100× magnification. The cell attachment was quantified as the cell number per unit area using Image-Pro Plus® 6.0 software (Media Cybernetics, Silver Spring, MD, USA). The experiments were performed in triplicate.

### Cell differentiation {#sec3-4}

After 24 hours of culture, the cells were serum starved for 6 hours. The culture medium was replaced with low-serum medium containing 50 ng/mL nerve growth factor (Sigma). Half of the culture medium was replaced every 2 days. After culture in the presence of nerve growth factor for 7 days, digital images of the PC12 cells were taken with an inverted phase-contrast microscope (Nikon). At least five randomly selected fields were imaged from each well at 200× magnification. To assess the cell differentiation, 50 cells from each well were randomly selected and the average number and length of their neurites were calculated. The cellular differentiation was quantified as the number and length of neurites per cell using IPP 6.0 software (Media Cybernetics).

The cells were stained with calcein to visualize the neurite outgrowths from the PC12 cells on the different samples, as was done in a previous study (Hashimoto et al., 2001). Briefly, the culture medium was removed and the samples were washed with 0.1 M PBS. The cells were then cultured in RPMI 1640 medium with 5 mM calcein AM (Sigma) at 37°C for 30 minutes in a CO~2~ atmosphere. The samples were washed with 0.1 M PBS after calcein loading. Fluorescence images were taken with a Ti/S inverted fluorescence microscope (Nikon) using a 520-nm emission filter and 490-nm excitation filter. The cell culture experiments were conducted in triplicate. Each sample was assayed for cell attachment and differentiation in 16 independent wells of the 24-well plates (*n* = 16).

Statistical analysis {#sec2-5}
--------------------

The statistical analysis was performed using SPSS 20.0 software (IBM Corp, Armonk, NY, USA). The measurement data were normally distributed and are expressed as the mean ± SEM. Differences between the PU-coated PDMS, PU/PVA-coated PDMS, PDMS, and TCP films were analyzed by one-way analysis of variance followed by Student-Newman-Keuls *post hoc* analysis. *P*-values less than 0.05 were considered statistically significant.

Results {#sec1-3}
=======

FT-IR spectra {#sec2-6}
-------------

The FT-IR spectra of PVA, PU/PVA, and PU are shown in [**Figure 2**](#F2){ref-type="fig"}. The main characteristic spectrum bands for the pure PVA films were: the O-H stretching vibration at 3,300 cm^−1^, the C-H stretching vibration at 2,941 and 2,910 cm^−1^, the C-H deformation vibration at 1,421 and 1,328 cm^−1^, the C-O stretching vibration at 1,241 cm^−1^, the C-O stretching vibration at 1,090 cm^−1^, and the O-H bend at 917 cm^−1^. The main characteristic FT-IR spectrum bands for the pure PU films were: the C-O-C stretching vibration at 1,106 cm^−1^, C-O and C-N stretching vibrations at 1,252 cm^−1^, C-H bending vibration of O-CH~2~ at 1,452 cm^−1^, N-H stretching vibration of carbamate at 1,541 cm^−1^, C=O stretching vibration of carbamate at 1,712 cm^−1^, C-H stretching vibration of O-CH~2~ at 2,872 cm^−1^, and N-H stretching vibration at 3,330 cm^−1^.

![Fourier transform-infrared spectra of the poly(vinyl alcohol) (PVA), polyurethane/poly(vinyl alcohol) (PU/PVA), and polyurethane (PU) films.\
In the PU/PVA spectrum, the -OH absorption peak at 3,330 cm^−1^ was clearly decreased compared with that in the PVA spectrum, while the absorption peaks of C-O-C at 1,106 cm^−1^ and N-H from carbamates at 1,541 cm^−1^ were increased.](NRR-10-2048-g002){#F2}

The -OH absorption peak at 3,330 cm^−1^ was clearly decreased in the PU/PVA spectrum compared with that in the PVA spectrum, while the absorption peaks of C-O-C at 1,106 cm^−1^ and N-H from carbamates at 1,541 cm^−1^ were stronger, indicating that the -OH of the PVA reacted with the -N=C=O of the PU. The FT-IR characterization of the sample spectra indicated that the PU/PVA hydrogel was successfully created.

Protein adsorption {#sec2-7}
------------------

Fibrinogen has been widely used as a model for the nonspecific adsorption of proteins on implants (Chen et al., 2004; Chen et al., 2005; Rao et al., 2012). The amounts of fibrinogen adsorbed onto the surface of the PDMS, PU-coated PDMS, and PU/PVA-coated PDMS films are shown in [**Figure 3**](#F3){ref-type="fig"}.

![Fibrinogen adsorption on polydimethylsiloxane (PDMS), polyurethane/poly (vinyl alcohol) (PU/PVA)-coated PDMS, and polyurethane (PU)-coated PDMS films.\
Data are expressed as the mean ± SEM of *n* = 3 wells, and comparisons were made with one-way analysis of variance followed by Student-Newman-Keuls *post hoc* analysis. The amount of nonspecific protein adsorption was 442.67 ng/cm^2^ on the surface of the PDMS, while fibrinogen adsorption was decreased to 36.67 ng/cm^2^ on the PU/ PVA-coated PDMS surfaces (a reduction of \~92 %) and to 32 ng/cm^2^ on the PU-coated PDMS surfaces. PU/PVA: PU/PVA-coated PDMS group; PU: PU-coated PDMS group.](NRR-10-2048-g003){#F3}

The amount of nonspecific protein adsorption on the uncoated PDMS surface was 442.67 ng/cm^2^, indicating that a significant amount of fibrinogen had assembled and formed a protein layer. In contrast, the fibrinogen adsorption was only 36.67 ng/cm^2^ on the PU/PVA-coated surfaces (a reduction of \~92 %), and 32 ng/cm^2^ on the PU-coated surfaces.

PC12 cell attachment {#sec2-8}
--------------------

As shown in [**Figure 4**](#F4){ref-type="fig"}, the cells on the PDMS films were more aggregated and showed a lower density per area than those on the PU-PU/PVA-coated PDMS films. The PC12 cells on the PU- and PU/PVA-coated PDMS displayed a similar degree of dispersion and cell density. As expected, the smallest number of PC12 cells attached to the TCP. The quantitative comparisons of cell density on the different samples are shown in [**Figure 4E**](#F4){ref-type="fig"}, which mirror the qualitative results described above.

![Representative 4′6-diamidino-2-phenylindole (DAPI)-stained fluorescent images of the PC12 cells cultured on different materials.\
PC12 cells were cultured on polydimethylsiloxane (PDMS) films (A), polyurethane (PU)-coated PDMS films (B), polyurethane/poly(vinyl alcohol) (PU/PVA)-coated PDMS films (C), and tissue culture plates (TCP) (D), as a control. Scale bars: 100 μm. The PC12 cells on the PDMS films were more aggregated and at a lower density per area unit compared with those on the PU- and PU/PVA-coated PDMS films. (E) Quantitative comparison of the cell density on different materials. \*\**P* \< 0.01, *vs*. PDMS, \#\#*P* \< 0.01, *vs*. TCP (mean ± SEM, *n* = 16 wells, one-way analysis of variance followed by Student-Newman-Keuls *post hoc* analysis). The experiment was performed in triplicate. PU/PVA: PU/ PVA-coated PDMS films; PU: PU-coated PDMS films.](NRR-10-2048-g004){#F4}

The cell densities on the PU- and PU/PVA-coated films were significantly higher than that on the PDMS film (*P* \< 0.01), but were not different to each other. These results demonstrated that the PU/PVA films had a better affinity for the PC12 cells than the PDMS alone, and that the PU/PVA and PU had similar affinities for the PC12 cells. Thus, the hydrophilic surfaces improved PC12 cell viability and neurite outgrowth. The introduction of PVA, a type of hydrophilic poly hydroxyl polymer, into the PU polymers resulted in a more hydrophilic surface that had more affinity to the PC12 cells than the hydrophobic PDMS surface.

PC12 cell differentiation {#sec2-9}
-------------------------

Neurite outgrowth from PC12 cells can be induced in the presence of nerve growth factor, and cytocompatible biomaterials promote neurite outgrowth in PC12 cells (Rao et al., 2012). The differentiation of PC12 cells on the different materials is shown in **Figure [5A](#F5){ref-type="fig"}--[D](#F5){ref-type="fig"}**. The cells on the PDMS films aggregated together and extended fewer and shorter neurites than those on the other films. In contrast, the PC12 cells exhibited better neurite extension and formed an interconnected neurite network when cultured on the surface of the PU, PU/PVA, and TCP materials on day 7. The quantitative results indicated that the neurite number per cell ([**Figure 5E**](#F5){ref-type="fig"}) and neurite length per cell ([**Figure 5F**](#F5){ref-type="fig"}) for cells on the PU/PVA were significantly higher and longer than those on the PDMS (*P* \< 0.01). The PC12 cells on the PU/PVA and PU showed more and longer neurites than those on the TCP.

![Representative calcein AM-stained fluorescent images of the PC12 cells cultured on different materials.\
The PC12 cells were cultured on polydimethylsiloxane (PDMS) films (A), polyurethane (PU)-coated PDMS films (B), polyurethane/poly(vinyl alcohol) (PU/PVA)-coated PDMS films (C), and tissue culture plates (TCP) (D) in the presence of 50 ng/mL nerve growth factor for 7 days. Scale bars: 50 μm The PC12 cells exhibited better neurite extension and formed an interconnected neurite network on the surface of the PU/PVA-coated PDMS films, but not on the uncoated PDMS films. Quantitative comparisons of the neurite number per cell (E) and neurite length per cell (F) on the different samples. \**P* \< 0.05 and \*\**P* \< 0.01, *vs*. PDMS; \#*P* \< 0.05 and \#\#*P* \< 0.01, *vs*. TCP (mean ± SEM, *n* = 16 wells, one-way analysis of variance followed by Student-Newman-Keuls *post hoc* analysis). The experiment was performed in triplicate. PU/PVA: PU/PVA-coated PDMS films; PU: PU-coated PDMS films.](NRR-10-2048-g005){#F5}

Discussion {#sec1-4}
==========

Neural prostheses such as cochlear implants, deep brain stimulation devices, and eye prostheses have played an important role in the treatment of brain injury and neurological disability. However, tissue encapsulation of the electrode-tissue interface caused by tissue responses after implantation increases the distance between the electrode and neurons, leading to large increases in the impedance between the electrode materials and the neural tissue, which weakens the effect of the electrical stimulation over time. Therefore, there is an urgent need to decrease the tissue responses by improving the biocompatibility of the implantable electrode materials. Coating the electrode surface with a biocompatible hydrogel is one feasible and simple technique to achieve this goal. The aim of the present study was to synthesize a PU/PVA hydrogel and investigate its effect on the cytocompatibility of PDMS.

First, the PU/PVA hydrogel was synthesized and the FT-IR spectrum was measured to verify the formation of the PU/PVA hydrogel. Previous studies indicated that the common, nonspecific adsorption of a protein layer was related to the tissue response and harmful to the performance of implants (Chen et al., 2004). The amount of nonspecific protein adsorption was 442 ng/cm^2^ on the PDMS surface, but the fibrinogen adsorption was decreased to 36.7 ng/cm^2^ on the PU/PVA-coated surfaces and 32 ng/cm^2^ on the PU-coated surfaces. PU had previously exhibited good biocompatibility and protein resistance (Rao et al., 2012). The PU/PVA hydrogel coatings showed similar levels of nonspecific protein adsorption to the PU hydrogel coatings. These results indicate that the PU/PVA hydrogel possesses good nonspecific protein resistance, which should improve the stability of the electrode/tissue interface.

PC12 cells are a commonly used model for assessing cell viability and neurite outgrowth, which were done here on the PU/PVA hydrogel coatings. Based on the protein adsorption and PC12 cell attachment and differentiation results, the PU/PVA coating improved the cytocompatibility of PDMS to PC12 cells, which can be attributed to the hydrophilicity of the coating yielding higher cell viability and more neurite extension. Furthermore, the cytocompatibility of the PU/PVA is similar to that of PU, which is a biocompatible material appropriate for long-term use in implantable neural prostheses (Rao et al., 2012). These results suggest that the PU/PVA hydrogel coating improves the cell attachment and neurite outgrowth of PC12 cells and is cytocompatible. However, hydrogel coatings have certain disadvantages, including being insulators and swelling as a result of water absorption. Improving the ionic conductivity and decreasing the swelling of PU/PVA hydrogels should be investigated further in future studies.

In summary, the PU/PVA hydrogel coatings prepared here could improve the cytocompatibility of the PDMS used in neural electrodes. The PU/PVA-coated PDMS films decreased the amount of protein adsorption by 92%, while the PC12 cell assays revealed that the PU/PVA coatings enhanced the attachment and neurite extension of PC12 cells. All of the measured characteristics of the PU/PVA hydrogels satisfy the requirements necessary for hydrogel coatings on implantable neural electrodes. The tissue responses after implantation could be assessed to further verify the improvement in PDMS biocompatibility using the PU/PVA hydrogel coatings.
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